We examine the sensitivity of two-dimensional model simulations of stratospheric tracers to uncertainties in the model transport and explore how such uncertainties impact the simulation of a lower stratospheric perturbation due to high- total ozone of-0.62%, assuming a NOx emission index of 5 g/kg, 500 airplanes, and a 10% gas-to-particle conversion of the SO2 emission. For the range of transport uncertainty examined in this study, the global total ozone perturbation response ranges from-0.a4% to-0.74%, with a mainly strong correlation between the total ozone response and mean age.
In a previous paper, we described our upgraded "base" model transport formulation which is derived directly from empirical data sets and compares reasonably well with a variety of tracer observations [Fleming et al., 1999] . In the present paper, we extend this work to examine the sensitivity of inert and chemically active tracers to uncertainties in the model transport components. Quantifying all individual sources of uncertainty in our model dynamical fields is outside the scope of this paper. Instead, we roughly estimate the range of transport uncertainty by varying the base transport parameters so that the tracer simulations maintain some agreement with a variety of measurements, including CH4, TM C, N20, and age of air from SF6 and CO2. We examine the sensitivity to changing the residual circulation throughout the atmosphere; the horizontal diffusion in the stratosphere; the vertical diffusion in the upper troposphere and lower stratosphere; and the gravity wave-induced drag and vertical diffusion in the upper stratosphere and mesosphere. We then apply these transport scenarios to the model simulations of an HSCT perturbation. This allows us to determine a range of uncertainty due to transport in the model computed HSCT perturbation response in total ozone. We will also compare the results from our latest model with those obtained from a previous version of our model transport used in the 1995 NASA assessment [$tolarski et al., 1995].
GSFC-2D Model Description and Simulations
The 2-D model at NASA Goddard Space Flight Center (GSFC) was originally described by Douglass et al.
[1989] and Jackman et al. [1990] . Recent improvements to the model have been discussed by Jackman et al. [1996] , and upgrades to the transport formulation are described by Fleming et al. [1999] . We have updated the For the transport experiments discussed in this paper, we will show model simulations of several long-lived tracers, including CH4, N20, 14C, and mean age of air derived from SF6 and CO2, along with simulations of an HSCT perturbation. We note that in this study, we take the age of air to be relative to the model tropical tropopause (equator, 100 mbar) as opposed to the global mean surface value used previously [Fleming et al., 1999] . 
Results
In this section, we examine the sensitivity of the tracer and HSCT simulations to uncertainties in the model transport components. Uncertainty in our model dynamical fields can arise from several sources, such as the measurement, algorithmic, and numerical uncertainties in the original meteorological analyses and heating rate calculations, with the latter having a source of uncertainty in the temperature and constituent fields used; and, uncertainties in the eddy diffusion parameterizations which utilize higher order derivatives of the meteorological analyses. There is also uncertainty due to small-scale, seasonal, and/or interannual geophysical variability not resolved in the original meteorological data or in the derived model transport fields. Rigorously quantifying all such uncertainties is outside the scope of this study. Instead, we use the available tracer observations as an approximate guide to illustrate the degree to which the model transport can be changed and still be reasonably realistic. 
Residual Circulation
Our model residual circulation is driven by a combination of net diabatic heating, sensible and latent heat release in the troposphere, and mechanical forcing from eddy motions. While net radiative heating calculations in zonal mean models are regarded as fairly accurate, determination of mechanical wave drag and sensible and latent heating is a major source of uncertainty. In this section we examine the uncertainty in the strength of the residual horizontal and vertical velocities (residual circulation) throughout the troposphere, stratosphere and mesosphere due to the combination of these heating and wave drag processes (the horizontal and vertical diffusion parameters remain unchanged). In section 3.5 we consider the effects of self-consistent changes to the circulation and horizontal diffusion fields. 
Mesospheric Gravity Wave Effects
The model gravity wave parameterization [Lindzcn, 1981: Holton and Zhu, 1984] computes wave drag and vertical diffusion in the upper stratosphere and mesosphere, with the wave drag having a direct effect on the residual circulation. To evaluate the stratospheric effects of uncertainties in the gravity wave parameterization and related input parameters, we ran two additional scenarios with weak and strong mesospheric gravity wave-induced drag and diffusion (scenarios F and G).
Despite simulating large changes in mesospheric water vapor and some substantial differences in upper stratospheric/lower mesospheric methane compared with HALO E, these gravity wave scenarios had only a small influence on tracer distributions in the lower and middle stratosphere in our model. Below 35 kin, the changes in global/annual mean age between scenarios F and G were at most 4-8 months (Table 1) 1 and 2 ; the 1995 model scenario in Figure  9 (dotted line) will be discussed in section 3.8. These K• scenarios generally bracket the age observations. Although the large K• scenario appears to be older than observations in the tropics, it is close to the OMS data at midlatitudes (Figure 10) . Also, the small K• scenario is reasonable in the tropics, but gives simulated ages that are significantly yom•ger than the CWAS or OMS ages at midlatitudes. Qualitatively, increasing the horizontal 'diffusion reduces the latitudinal gradients in F and increases the mean age throughout the stratosphere, with this latter tendency increasing with altitude (see also Table 1 ). This F dependence on horizontal mixing is due to the fact that with larger K•, air parcels undergo more recycling through the middle atmosphere via ascent in the tropics and descent in the extratropics, before returning to the troposphere. and hence achieve an older mean age (Table 1) . In contrast, the SH and global averages are enhanced dramatically with increased horizontal mixing. The global average total ozone response dependence on Kyy is consistent with the mean age and 14 C dependence discussed above.
Self-Consistent Kyy and Circulation

Changes
Uncertainties in the E-P flux divergence calculation affect both the Kyy and residual circulation in a selfconsistent manner. To investigate this sensitivity, we included an additional scenario in which Kyy has been decreased by a factor of 2 as in scenario H, along with a corresponding factor of 2 decrease in the wave drive above the tropopause, which weakens the circulation. We also included a case in which both Kyy and the wave drive were increased by a factor of 2 above the tropopause. These are listed as scenarios J and K in Table 1 . In addition to the weaker subtropical tracer gradients, scenario N gives slightly older mean ages throughout most of the stratosphere relative to the base case, consistent with the global Kyy increase in scenario I. This difference increases with altitude and is largest (7 months) in the tropical upper stratosphere. Overall, the simulated F in this scenario is well within the limits of observations. We note that the E-P flux divergence in the tropical stratosphere in the base model is inherently small, so that changing this quantity and the circulation to be dynamically consistent with the Kyy changes in scenarios M and N gave very similar results to those obtained by changing Kyy only.
As seen in Table 1 
Age of Air Versus Total Ozone Perturbation Response
Plate I shows the correlation of mean age with the total ozone perturbation response for the 17 transport scenarios listed in Table 1 . Here we plot the global, annual and pressure weighted average of F over the 16-22 km region against the global and annual mean perturbation total ozone responses. There is a strong correlation between the mean age and total ozone response, such that a younger age implies less emission accumulation and less ozone loss. It also appears that the correlation is generally independent of the type of transport change imposed. Exceptions are the gravity wave scenarios (F and G) which show virtually no change in total ozone response, but exhibit some change in lower stratospheric F due to significant circulation and Kzz changes in the upper stratosphere and mesosphere. Also, the tropical Kyy dependence (scenarios M and N) shows a moderate change in the total ozone response, but little if any change in F at these altitudes (16-22 kin), although we note that changes in tropical diffusion induce significant changes in mean age in the middle and upper stratosphere ( 
Conclusions
We have examined the sensitivity of stratospheric tracers and an HSCT aircraft perturbation to potential uncertainties in 2-D model empirical transport fields.
These uncertainties can arise from a variety of sources, including the algorithms, assumptions, and/or data sets used to derive the model transport components. We estimate these uncertainties by varying the transport parameters so that the range of model tracer simulations brackets the observations. This range varies with transport parameter. For example, the range of residual circulation velocities is constrained by observations to
